The water structure has been analyzed for a model of the protein crambin refined against 0.945-x-ray diffraction data. Crystals contain 32% solvent by volume, and 77% of the solvent molecules have been located-i.e., 2 ethanol molecules and 64 water molecules with 10-14 alternate positions. Many water oxygen atoms found form chains between polar groups on the surface of the protein. However, a cluster of pentagonal arrays made up of 16 water molecules sits at a hydrophobic, intermolecular cleft and forms a cap around the methyl group of leucine-18. Several waters in the cluster are hydrogen-bonded directly to the protein. Additional closed circular arrays, which include both protein atoms and other water oxygen atoms, form next to the central cluster. This water array stretches in the b lattice direction between groups of three ionic side chains.
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Water is the most abundant molecule in living systems and plays an important role in their structure and function. From crystal structures of proteins (1) (2) (3) , the following picture of tightly bound internal and surface water molecules has emerged (4, 5) . First, internal water is found singly (6) , in clusters (7), or bound to metal ions (8, 9) . It either may stabilize the protein structure by connecting charged or polar groups, or both, or may serve a catalytic function (10) . Second, surface water links polar groups at the intra-and intermolecular protein surface; 2-3 times more water hydrogen bonds are made to main-chain -CO groups than to -NH groups (4, 5) in both crystal structures and simulations, reflecting in part the greater capacity of -CO to form hydrogen bonds. Many surface waters bind at turn regions (11) . Here, fewer secondary-structure, backbone hydrogen bonds are formed, and the side chains are often hydrophilic (12) . Little if any ordered surtace water has been reported at nonpolar side chains, perhaps because such water may be mobile as inferred from computer simulations (13) . Finally, less ordered water (about 30% of that in the first shell) is seen in the second shell (14) .
Water-protein interactions may be important for protein folding (4) . Klotz proposed that hydrophobic residues would organize surface water into five-membered ring arrays analogous to the water clathrate (cage) hydrate structures (15) . However, protein crystal structures reveal that many hydrophobic groups fold instead into the protein interior away from water, as suggested by Kauzmann (16) . Nevertheless, 40-50%o are found on the protein surface in contact with solvent. The folded structure may be a balance between removal of hydrophobic groups from water to form van der Waals attractive contacts and the penalty for burial of polar groups which might not be able to form hydrogen bonds. The arrangement of water at surface hydrophobic sites is not known. If five-membered ring structures were formed (15) and were not hydrogen-bonded to the protein, they might become disordered or vibrate strongly. Such waters would contribute little scattering to an x-ray experiment.
Crystals of the hydrophobic protein crambin diffract at least to 0.88 A (17) and provide an excellent opportunity to study both protein and water structure at atomic resolution. An independent confirmation of the positions of the water oxygen atoms was obtained from neutron diffraction (21) . Crystals grown as for the x-ray experiments were soaked in 2H2O/C2H502H solutions for several weeks; 73% of the data to 1.5 A and 45% of the data to 1.2 A were collected (6300 reflections in all). The model refined against the neutron data has an R value of 14.4%. It was not refined to convergence, since only half of the water deuterium atoms had been included. The detailed arrangement of water oxygens is very close to the x-ray results, and no contradictions exist. Figs. 3 and 5 use the neutron coordinates and illustrate features not likely to change with further refinement. The distances reported are from the x-ray structure.
Overall Water Arrangement
Crambin is a neutral molecule with only four charged side chains. These groups lie near the inner bend of this F-shaped molecule (the darker molecule left of "2" in Fig. 1 ), and hydrophobic residues are on the opposite side ("1" in Fig. 1 ), which gives crambin an amphipathic character (19) . Two in-
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Pentagonal Rings of Waters Are Localized
The c axis protein contact for the top a helix is quite hydrophobic. Here a cluster of pentagonal water rings is formed (Fig. 2a) . It is surrounded by leucine-18 and asparagine-14, by isoleucine-7 and valine-8 (from a c-axis-related molecule), and by tyrosine-29 (from a screw-axis-related molecule).
This cluster is adjacent to the pseudo-dimer contact between screw-axis-related molecules where residues leucine-18, valine-15, isoleucine-25, proline-19, and tyrosine-29 form a water-excluding protein contact (see "1" in Fig. 1 ). Above and below the cluster in the b direction, at the bottom helix con- tact along c, are the charged amino acids residues (arginine-17, glutamic acid-23, and aspartic acid-43) described above.
Four pentagonal rings (A, C, D, and E) lie along a hydrophobic surface at an intermolecular contact ( Fig. 2 a and b) .
Rings A, C, and E, which share an apex, create a cap around the C82 of leucine-18 (Fig. 2b) . Ring A forms a single layer between the c axis-related molecules (Fig. 2a) . It is surrounded on four sides by protein but connected to water molecules in the other two directions. A fourth ring (D) extends this sheet of pentagons (Fig. 2a) and lies along the hydrophobic ethylenes of arginine-17 (Fig. 2b) . Rings C, D, and E have one face to the protein and one face to the solvent. In contrast, ring B extends into the solvent (Fig. 2b) . This ring has been omitted in Figs. 2a and 3 for clarity. Fig. 3 (Fig. 2 a and b) . The Hole: Water Between the Charged Surfaces in the ac Plane
In the crystal, the charged hydrophilic surfaces from four symmetry-related molecules face one another. This "hole" (Fig. la at "2" and Fig. 5a ) is about 13 x 8 A in the ac plane and extends continuously in the b direction. The cluster of water-ring pentagons is at the side of this hole (Fig. 5b) .
When the rest of the located waters, which are in the hole (40% of the total found), are added (Fig. 5c) crystals (see above). It should be noted that water is not well-localized around several methyl groups at the edge of this hole (threonine residues 1 and 39). 
Discussion
Ordered five-membered water arrays apparently have not been described before in protein structures. However, such arrangements have been seen in the crystal structure of d(CpG)-proflavine (24) and may be of general importance. A sheet of five pentagonal water rings are formed, four with only water molecules and a fifth with four water molecules and one phosphate oxygen in one area of this complex. Oth- 4 . Stereo diagram of water pentagons and adjacent rings, which include hydrophilic protein atoms, viewed as in Fig. 3 . The pentagon cluster has the darkest lines. The adjacent ring bonds are lighter, and the protein-to-cluster bonds are the lightest. Single-letter codes are used for amino acids: L, leucine; P, proline; Y, tyrosine; D, aspartic acid; N, asparagine; R, arginine; and E, glutamic acid. Stereo pairs are arranged as in Fig. 2. er waters in the structure form a polygonal water disc. The pentagons are approximately planar and bridge the charged nitrogen atoms in heterocyclic rings stacked 3.4 A apart. The pentagons fill a cavity where water-water interactions may predominate over water-nucleic acid or water-drug contacts (24) .
The waters ordered in pentagons, which are found in crambin and in the d(CpG)-proflavine structure, are reminis- (25) and pinacol hydrate (26) have layers of host water pentagons joined by hydrogen bonds to the N or o of the guest. In n-propylamine hydrate (27), four nonequivalent guest molecules form hydrogen bonds to each other and to waters in concave regions, while the propyl groups sit in "open bowls" made by the convex polyhedra.
The questions of the generality of the pentagonal cluster in crambin crystals and the nature of the forces involved are difficult to answer. Ring A is surrounded by hydrophobic contacts on four of its six sides. Do these neighbors limit hydrogen bonding geometry of ring A to a planar pentagonal ring and, thus, is the geometry of rings C and E also restricted? Could ring A form a six-membered ring with waters in the remaining two directions? Do the charged groups play a role here? Aspartic acid-43 is close to ring A. If rings C and E are formed because of ring A's hydrogen-bonding restriction, are rings B and D also so generated? Ring B has one atom in common with ring A, but ring D has none. An analysis of the energies involved in these arrays for the crystal could be made with empirical potential energy functions, for instance, those in CHARMM (28) or AMBER (29) . Monte Carlo methods might be applied to predict the water locations (30) , but so far they have had limited success for the CpG-proflavine structure (31) .
A partial cage of pentagonal water rings has been proposed when hydrophobic side chains in an a helix or ,3 sheet are separated by a single layer of water molecules (32) . Ne nonpolar molecules show the presence of pentagon arrays of water but do not unequivocally demonstrate that the pentagon is the best way to order water around nonpolar groups. In contrast to ice, which extends as hexagons in a regular lattice, liquid water from simulations organizes into chains and rings of fewer than 10 oxygens that are continually forming and breaking (13) . The most abundant polygon formed, assuming a hydrogen-bonding energy of -4.0 kcal/mol, is the pentagon, followed closely by the hexagon (33) . Monte Carlo simulations have predicted quasiclathrate structures with nonplanar water pentagons for methane in water (34) .
Molecular dynamics calculations for the alanine dipeptide in water suggest that the water associated with the hydrophobic groups is less mobile than the bulk or the hydrophilicassociated water and is clathrate-like in geometry (35) . However, it is more like bulk water than like a solid in terms of the number and strength of hydrogen bonds, perhaps because hydrogen bonding is maintained despite the geometrical restraints of a nonpolar neighbor (35) .
Analysis of the cluster hydrogen bonds reveals that the 16 water molecules making up the cluster form 72% of their hydrogen bonds to water molecules (63% of the total within the cluster and 9% to other water oxygens) and 23% to protein, with 5% (3 bonds) remaining unsatisfied. If ring B, which extends into solvent, is omitted, the percentages are 69% to water and 29% to protein, with 2% unsatisfied bonds. One interpretation of the observed pentagon cluster in crambin from this might be that the hydrophobic surface at the protein interface permits the water there to order as normal, liquid-like water, preferring interactions with itself to those with the protein.
